We present nonlinear self-compression of ultrashort pulses from a powerful thuliumdoped fiber laser using a gas-filled antiresonant hollow-core fiber. 104 µJ, sub-2 cycle pulses have been generated around 1.85 µm at 98 kHz repetition rate.
Introduction
The development of intense, few-cycle laser sources emitting around 2 µm wavelength is exceptionally interesting in the context of high-field science. Driving strong-field light-matter interactions at wavelengths beyond the wellexplored near-IR bears the enormous potential of fundamentally scaling the ponderomotive force and with it, e.g., the phase-matched photon energy cut-off of high-harmonic generation (HHG) [1] . The popularity of this approach is due to the stellar ascent of subsequent applications (e.g. coherent diffractive imaging [2] , time-resolved spectroscopy [1] ) that greatly benefit from high-flux coherent radiation in the spectral region around and beyond 300 eV. However, increasing the laser wavelength to push the cut-off energies comes at the cost of HHG-efficiency [3] . Hence, there is a fundamental application-driven demand for scaling the average power of intense few-cycle 2 µm laser systems.
Thulium-doped fiber laser systems represent a promising concept for the generation of energetic ultrashort pulses at around 2 µm wavelength with excellent average power handling capabilities. These laser systems deliver to date >100 W of average power [4] and GW-class peak power with ~200 fs pulse duration [5] . In this contribution, we report on a new stage within the performance evolution of Thulium-doped fiber chirped-pulse amplification systems (Tm:FCPA) by demonstrating an unprecedented combination of multi-GW peak power with sub-100 fs pulses at 46 W of average power. These unique laser parameters are the key for subsequent high-power nonlinear pulse compression to the few-cycle regime. The nonlinear compressor utilized in this work consisted of a gas-filled antiresonant hollowcore fiber (ARHCF) with excellent transmission and weak anomalous dispersion allowing for operation in the selfcompression regime. So far, self-compression at long wavelengths has been investigated with the main target to create single-cycle waveforms, which comes at the cost of pulse fidelity and makes it difficult to scale the pulse energy confined in the main feature [6, 7] . Herein, we demonstrate nonlinear self-compression to intense 11.9 fs (<2 cycles) pulses with 104 µJ of pulse energy at 1.85 µm wavelength and a record average power of 10.2 W.
Experimental Setup and Results
The nonlinear pulse compression stage was driven by our Tm:FCPA providing about 140 nm bandwidth centered around 1910 nm. Besides the increased bandwidth, the system architecture was comparable to the one described in Ref. [5] . At its top performance level, the laser delivered 95 fs (FWHM) pulses with up to 46 W of average power at a repetition rate of 98 kHz. This corresponds to 470 µJ of pulse energy and a pulse peak power of about 4 GW, assuming that only 80% of the pulse energy is confined in the main temporal feature. The measured intensity autocorrelation at this point can be seen in Fig. 1a. Fig. 1b shows an outline of the setup for the subsequent nonlinear pulse compression experiments, for which the laser was operated at 13 W. The ultrashort pulses from the Tm:FCPA were coupled into a ~1 m long ARHCF (88 µm inner core diameter), which was differentially pumped using 14 bars of helium gas. The fiber was a 7-capillary ARHCF optimized for ultra-broadband operation in the 2 µm wavelength region. Resulting from the favorable interplay of self-phase modulation and anomalous waveguide dispersion we have generated almost 900 nm bandwidth (at -20 dB) at the fiber output. The broadened pulse spectrum can be seen in Fig.  2a . At this point, the pulses are already self-compressed as they leave the fiber, which means that the second order dispersion of the 1 mm thick fused silica window at the exit of the pressure chamber had to be compensated for by using 100 µm of normal dispersive GaSe. The autocorrelation after the ARHCF was measured using a dispersion minimized collinear autocorrelator (Fig. 2b) . Assuming a Gaussian deconvolution factor we have retrieved a pulse duration of 11.9 fs, corresponding to 1.9 field cycles. The average power after compression was 10.2 W at 98 kHz repetition rate resulting in 104 µJ of pulse energy. Based on our experimental results and on numerical modelling we have estimated the pulse peak power inside the fiber to ~5 GW. This value agrees well with the fact that we have observed ionization-induced spectral blueshifting at higher input pulse energies, which limits the peak power in the fiber similar to previous investigations [8] . 
Conclusion and Outlook
In this work, we have presented the first 2 µm laser source that unifies strong-field, few-cycle pulse parameters (~5 GW, <12 fs) with high repetition rate and an average power >10 W. This performance level was enabled by nonlinear self-compression of pulses from an ultrafast thulium-doped fiber laser system using a gas-filled ARHCF. The laser system itself represents a new step within the development of ultrafast Tm:FCPAs and its record laser parameter emphasize the promising prospects for power and energy scaling of the few-cycle pulse generation scheme reported herein. We are currently working on further optimization of the fiber core size, gas filling and dispersion control, which will lead to a significant increase in pulse peak power. In fact, we have recently demonstrated that selfcompression in ARHCFs is feasible at MHz-repetition rates [8] , which means that more average power can be expected in the near future. These prospects make our approach a promising alternative to few-cycle pulse generation solely based on mid-IR parametric amplification [9] , especially because it remains challenging to simultaneously achieve sub-two cycle, multi-GW pulses at high power in this case. Despite its power scaling prospects, the laser source presented herein is already extremely interesting for the generation of high photon flux and high cut-off HHG.
